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Low-cost  graphite  submicronparticles  (GSP)  are  employed  as  a  possible  catalyst  support  for  polymer  elec¬ 
trolyte  membrane  (PEM)  fuel  cells.  Platinum  nanoparticles  are  deposited  on  Vulcan  XC-72  carbon  black 
(XC-72),  carbon  nanotubes  (CNT),  and  GSP  via  ethylene  glycol  (EG)  reduction  method.  The  morpholo¬ 
gies  and  the  crystallinity  of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP  are  characterized  with  X-ray  diffraction  and 
transmission  electron  microscope,  which  shows  that  Pt  nanoparticles  (~3.5  nm)  are  uniformly  dispersed 
on  supports.  Pt/GSP  exhibits  the  highest  activity  towards  oxygen-reduction  reactions.  The  durability 
study  indicates  that  Pt/GSP  is  2-3  times  durable  than  Pt/CNT  and  Pt/XC-72.  The  enhanced  durability  of 
Pt/GSP  catalyst  is  attributed  to  the  higher  corrosion  resistance  of  graphite  submicronparticles,  which 
results  from  higher  graphitization  degree  of  GSP  support.  Considering  its  low  production  cost,  graphite 
submicronparticles  are  promising  electrocatalyst  support  for  fuel  cells. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  are  two  main  obstacles  for  the  commercialization  of  pro¬ 
ton  exchange  membrane  (PEM)  fuel  cells:  one  is  the  prohibitive 
production  cost,  the  other  is  the  unacceptable  short  service  lifetime 
[1].  Correspondingly,  the  requirements  for  PEM  fuel  cell  materials 
are  low-cost  and  high  durability.  Electrocatalysts  play  an  impor¬ 
tant  role  in  lowering  the  cost  and  improving  the  lifetime  of  PEM 
fuel  cells  [2].  Recently,  the  investigations  of  electrocatalyst  dura¬ 
bility  and  the  strategies  to  improve  its  durability  have  become  a 
hot  topic  in  fuel  cell  community  [2-4].  Two  strategies  are  usually 
employed  to  improve  the  electrocatalyst  durability:  to  alloy  Pt  with 
other  transition  metals  [3  ]  and  to  develop  durable  catalyst  supports 
[5]. 

Carbon  materials  with  high  specific  surface  area  and  high  con¬ 
ductivity  are  still  the  key  electrocatalyst  supports.  The  most  widely 
used  one  is  Vulcan  XC-72  carbon  black.  Several  kinds  of  new  car¬ 
bon  have  been  developed  as  alternative  support  materials  for  fuel 
cell  catalysts  [5].  Carbon  nanotubes  have  been  widely  investigated 
as  a  promising  catalyst  support  [6-11],  which  exhibit  better  per¬ 
formance  in  terms  of  catalytic  activity  and  durability  than  the 
conventional  Vulcan  XC-72  [12].  Carbon  nanotubes  are  usually 
functionalized  in  order  to  obtain  a  high  dispersion  of  Pt  nanoparticle 
which  is  the  prerequisite  for  high  catalytic  activity.  The  function¬ 
alization  of  carbon  nanotubes  usually  involves  the  oxidation  with 
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strong  acids  [  1 3  ],  which  is  not  an  environmental  benign  process  and 
produces  defects  that  will  reduce  the  electrical  conductivity  and 
corrosion  resistance  of  carbon  nanotubes.  The  other  issue  is  the  high 
price  of  carbon  nanotubes  as  compared  with  conventional  carbon 
black  [5,14].  Carbon  nanofibers  [15],  mesoporous  carbon  [16,17], 
carbon  nanosphere  [18,19]  are  also  developed  as  catalyst  supports. 
These  materials  have  the  same  cost  issue  as  carbon  nano  tubes  [5]. 

Here,  we  reported  graphite  submicronparticles  as  a  catalyst  sup¬ 
port  for  PEM  fuel  cells.  Graphite  is  widely  used  in  industries  and  its 
processing  techniques  are  well  developed.  The  low  price  of  graphite 
is  attractive  due  to  its  mass  production  capability  and  abundant 
resources  on  the  earth. 

2.  Experimental 

2.1.  Chemicals  and  materials 

Graphite  powder  (<45  pm,  99.99%)  was  obtained  from 
Sigma-Aldrich  and  was  attrition  milled  in  isopropanol  to  an 
average  particle  size  of  0.2-0.3  pm,  which  we  call  graphite 
submicronparticles  (GSP).  COOH  functionalized  multiwall  car¬ 
bon  nanotubes(1.8%  COOH  groups,  10-20nm  in  outer  diameter, 
10-30  m  in  length,  Cheap-Tubes,  USA)  were  used  as  received.  Ethy¬ 
lene  glycol  (EG),  hexachloroplatinic  acid  (H2PtCl6-6H20)  and  5  wt.% 
Nation  solution  were  obtained  from  Sigma-Aldrich. 

2.2.  Catalysts  preparation 

The  20  wt.%  Pt/GSP  catalysts  were  synthesized  with  ethylene 
glycol  (EG)  reduction  method  developed  by  Li  et  al.  [9]  with  some 
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modification.  Typically,  2.656  mL  of  hexachloroplatinic  acid  EG 
solution  (7.53  mg  Pt  per  mL  EG)  was  added  drop  by  drop  into  50  mL 
EG  solution  with  mechanical  stirring  for  10  min.  NaOH  (1  M  in  EG 
solution)  was  added  to  adjust  the  pH  of  the  solution  to  above  13. 
Then  80  mg  of  GSP  was  added  to  the  above  solution  and  stirred  for 
60  min.  The  solution  was  heated  in  refluxing  conditions  at  1 30  °C  for 
4  h  to  ensure  that  Pt  was  completely  reduced.  After  cooling  down, 
the  pH  of  the  reaction  solution  was  adjusted  to  pH  <  2  with  nitric 
acid  solution,  which  promotes  the  adsorption  of  the  suspended 
metal  nanoparticles  onto  the  carbon  support,  then  20  mL  water 
was  added  and  stirred  for  48  h.  The  resulting  catalyst  was  washed 
with  ultrapure  water  (18.2  MC2  cm,  Mill-QCorp.)  until  Cl-  was  not 
detected  and  then  dried  overnight  at  90  °C  in  vacuum.  Pt/CNT  and 
Pt/XC-72  were  prepared  in  the  same  way. 

2.3.  Materials  characterization 

The  catalysts  were  characterized  with  transmission  electron 
microscopy  (TEM)  and  X-ray  diffraction  (XRD).  The  TEM  images  of 
the  catalysts  were  taken  in  aJEOLTEM  2010  microscope  equipped 
with  an  Oxford  ISIS  system.  The  operating  voltage  on  the  micro¬ 
scope  was  200  keV.  All  images  were  digitally  recorded  with  a 
slow-scan  CCD  camera.  XRD  patterns  were  obtained  using  a  Philips 
Xpert  X-ray  diffractometer  using  Cu  Ka  radiation  at  X  =  1.541  A. 

2.4.  Electrochemical  measurements 

The  electrochemical  tests  were  carried  out  in  a  standard 
three-electrode  system  controlled  with  a  CHI660C  station  (CH 
Instruments,  Inc.,  USA)  with  Pt  foil  and  Hg/Hg2S04  as  the  counter 
electrode  and  reference  electrode,  respectively.  The  working 
electrodes  were  prepared  by  applying  catalyst  ink  onto  the  pre¬ 
polished  glass  carbon  disk  electrodes.  In  brief,  the  catalyst  was 
dispersed  in  ethanol  and  ultrasonicated  for  15  min  to  form  a  uni¬ 
form  catalyst  ink  (2mgmL-1).  7.5  fxL  well-dispersed  catalyst  ink 
was  applied  onto  the  pre-polished  glassy  carbon  (GC)  disk  elec¬ 
trode  (5  mm  in  diameter).  After  dry  at  room  temperature,  2x  5  pX 
0.05%  Nation  solution  was  applied  onto  the  surface  of  the  catalyst 


layer  to  form  a  thin  protecting.  The  well-prepared  electrodes  were 
dried  at  room  temperature  overnight  before  electrochemical  tests. 
The  total  loading  of  catalyst  was  15  p,g  (3  p,gPt). 

The  working  electrodes  were  first  activated  with  cyclic  voltam- 
mograms  (CV,  0-1.1  V  at  50mVs-1)  in  N2-purged  0.5  M  H2S04 
solution  until  a  steady  CV  was  obtained.  The  linear  sweep  voltam- 
mograms  (LSV)  for  oxygen-reduction  reaction  (ORR)  is  measured 
with  a  Pine  rotator  system  (Pine  Instruments  Company,  USA)  in 
oxygen-saturated  0.5  M  H2S04  solution  (lOrnVs-1).  The  back¬ 
ground  current  was  measured  similarly  in  an  N2  atmosphere 
without  rotation.  The  durability  tests  catalysts  were  done  in 
N2-saturated  0.5  M  H2S04  solution  with  potential  step  method 
( 1 .4  V_1 0  s-0.85  V_5  s)  [20].  Before  and  after  the  degradation  test, 
CV  in  N2-purged  0.5  M  H2S04  solution  and  LSV  in  02-saturated 
0.5  M  H2S04  solution  were  measured. 

All  the  tests  were  conducted  at  room  temperature.  All  potentials 
were  reported  versus  reversible  hydrogen  electrode  (RHE). 


3.  Results  and  discussions 


3.1.  Catalysts  characterizations 


Fig.  1  shows  the  TEM  images  and  Pt  nanoparticle  size  distribu¬ 
tion  histograms  of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP.  Pt  nanoparticles 
were  uniformly  dispersed  on  the  three  supports.  The  number- 
averaged  diameters  (dn)  of  the  Pt  nanoparticles  can  be  calculated 
from  TEM  images  using  the  following  equation: 


(1) 


The  value  of  dn  is  2.2,  2.3,  and  2.2  nm  for  Pt/XC-72,  Pt/CNT,  and 
Pt/GSP,  respectively.  This  can  be  considerably  different  from  the 
volume/area  averaged  diameter  (dy/a),  which  is  calculated  with  the 
following  equation: 


dy/a  — 


(2) 


Fig.  1.  TEM  images  and  Pt  nanoparticle  size  distribution  histograms  of  Pt/XC-72  (A  and  D),  Pt/CNT  (B  and  E),  and  Pt/GSP  (C  and  F). 
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It  is  generally  believed  that  the  volume/area  averaged  diameter 
(dv/a)  better  represents  the  specific  surface  area  of  platinum  than 
the  number-averaged  diameter  [21  ].  The  results  show  that  the  val¬ 
ues  of  dv/a  in  Pt/XC-72,  Pt/CNT,  and  Pt/GSP  are  3.3,  3.6,  and  3.5  nm, 
respectively. 

The  XRD  patterns  of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP  are  shown  in 
Fig.  2,  which  indicates  the  presence  of  Pt  nanoparticles  on  these 
samples  [22].  The  C(0  0  2)  diffraction  peaks  occur  at  20  =  26.5°  and 
20  =  25.9°  for  Pt/GSP  and  Pt/CNT,  respectively,  with  the  former 
much  sharper  and  narrower,  indicating  a  more  ordered  graphitic 
structure  for  graphite  submicronparticles  in  Pt/GSP  [14].  For  Pt/XC- 
72,  C(0  0  2)  diffraction  peak  was  greatly  suppressed,  indicating 
much  lower  graphitic  structure  of  XC-72  carbon  black.  Further¬ 
more,  the  peak  at  20  =  55.3°  for  Pt/GSP  is  ascribed  to  C(004) 
diffraction,  which  is  indicative  of  high  crystallinity  of  the  carbon 
structure  [14,23].  These  results  indicate  that  GSP  has  the  highest 
graphitization  degree  of  the  three  samples,  which  implies  the  high 
electrical  conductivity  of  GSP  [24,25]. 

The  reaction  and  size  control  mechanism  of  the  EG  reduction 
method  in  the  synthesis  of  Pt  nanocatalysts  has  been  thoroughly 
investigated  by  Bock  et  al.  [26].  During  the  reduction  of  Pt  salt  (to 
Pt  metal),  ethylene  glycol  is  oxidized  and  produces  glycolate  anion 
(at  high  pFI).  The  stabilizing  effect  of  glycolate  anion  directly  relates 
to  the  pFI  of  the  solution.  In  neutral  and  acidic  solution,  glycolate 
anion  forms  glycolic  acid,  which  is  a  poor  stabilizer  for  Pt  colloid. 
The  high  pH  (>12)  ensures  the  deprotonation  of  glycolic  acid  to 
form  glycolate  anion  as  a  strong  stabilizer  for  the  Pt  colloids,  and 
results  in  small  and  uniformly  dispersed  Pt  particles,  as  can  be  seen 
from  the  above  TEM  images  and  XRD  analysis. 


3.2.  Electrochemical  properties 

Fig.  3  shows  the  cyclic  voltammograms  (CV)  in  N2 -saturated 
acid  solution  on  Pt/XC-72,  Pt/CNT,  and  Pt/GSP.  Typical  hydrogen 
and  oxygen  adsorption/desorption  behavior  on  platinum  can  be 
obviously  observed  on  these  samples.  Electrochemical  surface  area 
(ESA)  of  platinum  can  be  calculated  with  coulombic  charges  accu¬ 
mulated  during  hydrogen  adsorption  and  desorption.  The  values 
of  ESA  are  52.2,  49.5,  and  50.2  m2  g-1  Pt  for  Pt/XC-72,  Pt/CNT,  and 
Pt/GSP,  respectively.  Oxygen-reduction  reaction  (ORR)  activity  was 
measured  with  linear  sweep  voltammograms  in  oxygen-saturated 
0.5  M  H2SO4  solution  (10mVs-1).  The  oxygen-reduction  kinetics 
were  obtained  using  the  well-known  mass-transport  correction  for 


30  60  90 

2-theta  (deg) 

Fig.  2.  X-ray  diffraction  patterns  of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP. 


Potential  /  V  vs.RHE 

Fig.  3.  Cyclic  voltammograms  (50mVs_1)  of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP  in  N2- 
saturated  0.5  M  H2S04. 


rotating  disk  electrodes  (Koutecky-Levich  equation)  [24]  and  the 
loading  of  Pt  on  electrodes  for  the  three  samples  is  the  same  (3  fxg). 
Results  show  that  ORR  activity  at  0.90  V  is  1 7.3, 1 6.7,  and  20.4  A  g-1 
Pt  for  Pt/XC-72,  Pt/CNT,  and  Pt/GSP,  respectively.  It  can  be  seen  that 
the  ESA  are  similar  for  three  catalysts,  while  the  oxygen-reduction 
activity  on  Pt/GSP  is  nearly  20%  higher  than  that  on  Pt/XC-72  and 
Pt/CNT.  The  enhanced  ORR  activity  might  be  due  to  the  higher 
electrical  conductivity  of  GSP,  which  results  from  the  more  highly 
ordered  graphitic  structure  as  seen  in  the  XRD  patterns  [9,27,28]. 

Fig.  4  shows  the  degraded  percentage  in  ESA  and  ORR  activity 
of  Pt/XC-72,  Pt/CNT,  and  Pt/GSP  in  the  durability  test  under  the 
condition  of  potential  step  (1.4-0.85  V)  for  22  h.  The  potential  step 
method  has  been  shown  to  be  able  to  effectively  study  the  corrosion 
of  carbon  support  in  our  previous  paper  [20],  which  is  equivalent 
to  the  U.S.  Department  of  Energy  (DOE)  protocol  with  the  fixed- 
potential  holding  [1  ].  It  can  be  seen  that  the  ESA  degraded  by  58%, 
47%,  and  32%  for  Pt/XC-72,  Pt/CNT,  and  Pt/GSP,  respectively,  and 
the  ORR  current  at  0.90  V  degraded  by  57%,  40%,  and  19%,  respec¬ 
tively.  It  can  be  concluded  that  Pt/GSP  electrocatalyst  exhibits  much 
higher  durability  than  that  of  Pt/XC-72  and  Pt/CNT.  Since  our  dura¬ 
bility  test  protocol  focuses  on  carbon  support  corrosion  [20],  it  is 
expected  that  the  enhanced  durability  of  Pt/GSP  is  due  to  the  higher 
stability  of  graphite  submicronparticles. 


60 


Pt/XC-72  Pt/CNT  Pt/GSP 


Fig.  4.  The  degraded  percentage  in  ESA  and  ORR  activity  of  Pt/XC-72,  Pt/CNT,  and 
Pt/GSP  during  the  durability  test  under  potential  step  (1.4-0.85  V)  for  22  h. 
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Fig.  5.  Amperometric  i-t  curves  on  XC-72,  CNT  and  GSP  under  the  potential  step  condition  (1.4  V_150s-0.85  V_30s)  (only  the  oxidation  currents  at  1.4  V  are  shown). 


Fig.  5  shows  the  amperometric  i-t  curves  on  XC-72,  CNT,  and 
GSP  under  the  potential  step  (1.4V_150s-0.85  V_30s).  It  can  be 
seen  that  the  oxidation  current  of  GSP  is  much  lower  than  that 
of  XC-72  and  CNT,  indicating  that  GSP  has  the  most  resistance 
to  electrochemical  corrosion.  As  mentioned  above  (in  XRD  anal¬ 
ysis),  graphite  submicronparticles  exhibit  more  ordered  graphitic 
structures  (higher  graphitization  degree),  which  contributes  to 
the  enhanced  durability  [11].  In  addition,  increasing  the  degree 
of  graphitization  enhances  the  strength  of  the  delocalized  tt- 
sites  (sp2 -hybridized  carbon)  on  carbon  support,  which  act  as 
anchoring  centers  for  Pt  nanoparticles,  thus  strengthen  the  inter¬ 
action  between  the  Pt  nanoparticles  and  carbon  support  [29].  As  a 
result,  the  resistance  of  Pt  nanoparticles  to  sintering  is  increased 
with  enhancing  the  degree  of  graphitization  of  the  catalyst 
support. 

4.  Conclusions 

Graphite  submicronparticles  (GSP)  have  been  prepared  from 
commercial  graphite  and  demonstrated  as  a  promising  catalyst 
support  for  PEM  fuel  cells.  Highly  dispersed  Pt  nanoparticles  were 
deposited  via  ethylene  glycol  (EG)  reduction  method  on  XC-72  car¬ 
bon  black,  carbon  nanotubes,  and  GSP.  Pt/GSP  exhibits  an  enhanced 
activity  towards  oxygen-reduction  and  a  much  higher  durabil¬ 
ity  than  Pt/XC-72  and  Pt/CNT.  These  are  attributed  to  the  highly 
ordered  graphitic  structure  of  GSP.  The  total  synthesis  process 
of  catalysts  does  not  involve  environmental-unfriendly  chemicals. 
This  provides  an  environmental  benign  and  low-cost  approach  for 
developing  durable  catalysts  for  PEM  fuel  cells. 
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